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E-mail address: stefan.martens@staff.uni-marburgArabidopsis thaliana L. produces ﬂavonoid pigments, i.e. ﬂavonols, anthocyanidins and proanthocy-
anidins, from dihydroﬂavonol substrates. A small family of putative ﬂavonol synthase (FLS) genes
had been recognized in Arabidopsis, and functional activity was attributed only to FLS1. Neverthe-
less, other FLS activities must be present, because A. thaliana ﬂs1 mutants still accumulate signiﬁ-
cant amounts of ﬂavonols. The recombinant FLSs and leucoanthocyanidin dioxygenase (LDOX)
proteins were therefore examined for their enzyme activities, which led to the identiﬁcation of
FLS3 as a second active FLS. This enzyme is therefore likely responsible for the formation of ﬂavonols
in the ldox/ﬂs1-2 double mutant. These double mutant and biochemical data demonstrate for the
ﬁrst time that LDOX is capable of catalyzing the in planta formation of ﬂavonols.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Flavonoids have been shown to carry out signiﬁcant functions
for the growth and reproduction of plants, and also appear to be
essential in adaptation to speciﬁc ecological niches. Beyond pig-
mentation and protection against ultraviolet light, these functions
include, signaling interactions with insects or microbes, and roles
as feeding deterrents and phytoalexins [1]. Arabidopsis thaliana L.
(mouse ear cress, Brassicaceae) accumulates predominantly ﬂavo-
nol glucosides, as well as anthocyanins and proanthocyanidins (PA)
[2–7], which all derive from dihydroﬂavonols at a branch point of
the anthocyanin/PA pathway (Fig. 1). The formation of ﬂavonols
depends on ﬂavonol synthase (FLS), and the ﬁrst FLS activity re-
ported from irradiated parsley cells had been characterized
in vitro as a soluble 2-oxoglutarate-dependent dioxygenase (2-
ODD) [8]. The oxidation reaction introducing the C-2/C-3 double
bond (Fig. 1) was considered to be speciﬁc for dihydroﬂavonol sub-
strates. Putative FLS cDNAs were subsequently cloned from Petunia
hybrida Hort. (Solanaceae) and other plants, and expressed in yeast
[9]. Moreover, a Citrus sp. FLS expressed in Escherichia coli was
characterized in great detail [10]. Examination of the recombinantchemical Societies. Published by E
oanthocyanidin dioxygenase;
roanthocyanidins; TLC, thin-
.de (S. Martens).enzyme revealed that FLS is bifunctional, capable of oxidizing ﬂav-
anones as well as dihydroﬂavonols to the respective ﬂavonols
(Fig. 1) [11]. This bifunctionality has also been shown for the clo-
sely related leucoanthocyanidin dioxygenase (LDOX; syn. anthocy-
anidin synthase, ANS) [12,13], however, LDOX is considered to
catalyze in planta the conversion of leucoanthocyanidins to antho-
cyanidins (Fig. 1) [14,15].
The side activities of FLS and LDOX raised the possibility that
these enzymes provide an alternative source of ﬂavonols in vivo
in mutant lines lacking ﬂavanone 3b-hydroxylase (FHT; syn. F3H)
or FLS activities. The Arabidopsis genome contains a small family
of FLS genes [2,16] with only FLS1 being functionally expressed
[17]. FLS2-6 were considered to be inactive [18,19]. However, some
unexplained ﬂavonol and anthocyanin accumulation was reported
for mutant lines of FHT (transparent testa6, tt6) and FLS1 of A. tha-
liana, whereas mutant lines of CHS (tt4) lack all ﬂavonoid com-
pounds at all [3,7,19,20 and refs. therein; Ric de Vos, personal
communication]. These observations suggest the presence of addi-
tional FLS and/or LDOX side activities. First support for this
hypothesis was recently provided by the biochemical characteriza-
tion of FHT from A. thalianamutant line tt6 [20], by overexpression
of LDOX in rice plants [21], and from metabolomic and genetic
analyses in A. thaliana [18]. Notably, such side activities (or mul-
ti-functionality) of FLS and LDOX would require a redrawing of
the metabolic grid considering, in particular, the biosynthesis in
mutants or plants accumulating only trace amounts of ﬂavonoids.
Moreover, the impact of side activities needs to be consideredlsevier B.V. All rights reserved.
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Fig. 1. Schematic outline of the pathway to major ﬂavonoid products in Arabidopsis thaliana. FHT, ﬂavanone 3b-hydroxylase; FLS, ﬂavonol synthase; DFR, dihydroﬂavonol 4-
reductase; LDOX, leucoanthocyanidin dioxygenase; ANS, anthocyanidin synthase; ANR, anthocyanidin reductase; FGT, ﬂavonoid glycosyltransferases. 2-Oxoglutarate-
dependent dioxygenases are bold-printed. Flavanones: naringenin (R1 = H), eriodictyol (R1 = OH). Dihydroﬂavonols: dihydrokaempferol (R1 = H), dihydroquercetin (R1 = OH).
Flavonols: kaempferol (R1 = H), quercetin (R1 = OH). Flavan-3,4-diols: leucopelargonidin (R1 = H), leucocyanidin (R1 = OH). Anthocyanidins: pelargonidin (R1 = H), cyanidin
(R1 = OH). cis-Flavan-3-ols: epiafzelechin (R1 = H), epicatechin (R1 = OH).
1982 A. Preuß et al. / FEBS Letters 583 (2009) 1981–1986when metabolic engineering experiments aiming to modulate the
ﬂavonoid accumulation are conducted, because alternate activities
could signiﬁcantly affect the results.
Both FLS4 and FLS6 had been identiﬁed as pseudogenes because
of their considerably truncated C-termini [18,19]. The potential
activities of FLS2, 3 and 5, however, deserve reinvestigation and
were therefore studied in vitro. Furthermore, the role of LDOX in
ﬂavonol formation was examined. These studies revealed a second
active A. thaliana FLS and a novel in situ activity of LDOX [18].2. Material and methods
2.1. Chemicals
All ﬂavonoids used in these studies were obtained from Trans-
MIT GmbH Projektbereich Flavonoidforschung (Giessen, Germany).
Radiolabeled substrates were synthesised as described in [22].
2.2. Crude protein preparation from plant tissue
Plant tissue from seedlings and adult plants of A. thaliana wild-
type (Col-0) and mutant lines (ﬂs1-2, ldox/ﬂs1-2) were used. Solu-
ble protein preparations were prepared as described previously
[22,23]. The crude protein extract were used for biochemical char-
acterization in a standard 2-ODD assay [22,23].
2.3. Construction of expression vectors
The cDNAs containing coding sequences of putative FLSs and
LDOX from A. thaliana were cloned into pENTRY vector(pDONR201) and subcloned into yeast (pYES-DEST52) and bacte-
rial (pDEST14) expression vector by Gateway Technology (Invitro-
gen, Groningen, The Netherlands). Expression constructs were
veriﬁed by restriction analysis and DNA sequencing.
2.4. Heterologous expression
Competent Saccharomyces cereviseae cells of the strain INV Sc1
(S.c EasyComp Transformation Kit, Invitrogen) were transformed
with the FLSx- or LDOX-pYES-DEST52 constructs, respectively.
Expression, cell lysis and protein isolation was done as described
previously [22,23]. Competent E. coli BL21-A1 cells (Invitrogen)
were transformed with the respective FLSx- or LDOX-pDEST14
constructs and subsequently subcultured to a density of
OD600 = 0.4 in Luria–Bertani medium containing ampicillin
(100 lg/ml). Arabinose solution (20%) was added for the induction
of protein expression, and the bacteria were harvested following
an additional 4 h of growth at 37 C and stored frozen at 70 C.
The recombinant FLS1 and putative FLS proteins were partially
puriﬁed from crude bacterial extracts by a modiﬁed procedure de-
vised for Petunia FHT as described elsewhere [24]. The puriﬁcation
was monitored by enzyme assay and SDS–PAGE [11,25].
2.5. Enzyme assays with recombinant proteins
FLS activity was assayed as described previously [23]. Flavo-
noids were isolated from the mixture by repeated extraction with
ethyl acetate (2  100 ll), analyzed and identiﬁed by thin-layer co-
chromatography with authentic standards on cellulose (Merck,
Darmstadt, Germany) in solvent system CAW (chloroform:acetic
acid:water; 50:45:5, by vol.) or 30% acetic acid.
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Fig. 3. FLS activity assays of extracts from E. coli expressing either one of the FLSs or
LDOX from A. thaliana. Enzyme fractions after ammonium sulphate precipitation
(30–80%) and size-exclusion chromatography were incubated with (A)
[14C]dihydrokaempferol, DHK (42.4 pmol; 55 mCi/mmol) or (B) [14C]dihydroqu-
ercetin, DHQ (42.4 pmol; 55 mCi/mmol). The conversion to kaempferol (Km) and
quercetin (Qu), respectively, was examined by autoradiography after extraction of
the incubation mixtures with ethyl acetate and ascending cellulose thin-layer
chromatography (TLC) separation of the extracts in the CAW solvent system.
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Bioconversion experiments were carried out with yeast (50 ml)
expressing FLS or LDOX proteins by adding up to 20 mg of either
one of various ﬂavanones (naringenin, eriodictyol) or dihydroﬂavo-
nols (dihydrokaempferol, dihydroquercetin, dihydrotamarixitin,
dihydrorobinitin and dihydroisorhamnetin) as substrates after
induction of protein expression [26]. The cultures were incubated
for 12 h (standard) or up to 2 days (extended) at 30 C. Empty vec-
tor transformants and glucose non-induced cells served as con-
trols. Extraction of ﬂavonoids was performed with 2 vol. ethyl
acetate. Analysis of the reaction mixture was done by thin-layer
chromatography (TLC) on cellulose in solvent system CAW, 30%
acetic acid or Forestal (acetic acid:hydrochloric acid:water;
30:3:10, by vol.) and by HPLC.
2.7. HPLC
Reaction products were extracted with ethyl acetate (2 
200 ll) from culture aliquots (1 ml), vacuum-dried and redissolved
in 150 ll methanol for HPLC analysis. Reversed-phase HPLC was
carried out on Nucleodure Sphinx C18-column (5 lm; Machery
and Nagel, Düren, Germany) as described [27].
2.8. SDS–PAGE and immunoassays
The protein composition of the samples was examined by SDS–
PAGE [26] utilizing the SDS-7 marker for mass calibration (Sigma,
Deisenhofen, Germany). Proteins in the SDS gel were stained with
Coomassie brilliant blue. Western blotting was carried out as de-
scribed [28] using a Citrus unshiu Marc. (Rutaceae) FLS polyclonal
rabbit antiserum [29]. Proteins bound to the nitrocellulose ﬁlters
were visualized after immunodetection by staining using a mixture
of 100 ll 5-bromo-4-chloro-3-indolylphosphate (BCIP, 50 mg/ml
DMF) and 300 ll nitro-blue tetrazolium (NBT, 75 mg/ml 70%
DMF) in 1 M tricine buffer pH 8.8 (10 ml) containing 1 mM MgCl2.
2.9. Homology modeling
Homology modeling was performed with the translated poly-
peptides of FLS1 and the putative isogenes FLS3 and FLS5. The mod-
els were generated by the WEB-based SWISS-MODEL server as
described previously [30].
3. Results and discussion
A. thalíana has been employed as a model plant for multiple bio-
chemical and genetic studies of secondary metabolism including
the ﬂavonoid pathway [31]. Flavonols (quercetin, kaempferol,
isorhamnetin glucosides) and the corresponding ﬂavan-3-ols or
dihydroﬂavonols (Fig. 1), as well as proanthocyanidins and antho-
cyanins were reported from wild-type plants [7]. Seventeen genes
essential for this pathway have been identiﬁed, including eight
structural (e.g. FLS, LDOX) and six regulatory genes (e.g. TT2, TT8),M
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Fig. 2. Immunoblotting of recombinant A. thaliana FLS-like polypeptides. Crude extrac
ammonium sulphate (30–80%) and size-exclusion chromatography prior to SDS–PAGE se
Coomassie Brilliant Blue staining. FLS-like polypeptides were localized by Western blottand three genes involved in ﬂavonoid compartmentation [7]. A sin-
gle LDOX gene and a family of six FLS genes were identiﬁed in Ara-
bidopsis, but only FLS1 has been proposed to yield a functional FLS
[17]. In experiments employing A. thaliana wild-type and mutant
lines, the role of LDOX or FLSs for ﬂavonol accumulation was inves-
tigated. Standard enzyme assays with naringenin or dihydroka-
empferol as substrate clearly revealed FHT and FLS activities in
wild-type extracts, converting both substrates to kaempferol,
whereas extracts of the ﬂs1-2 single mutant and the ldox/ﬂs1-2
double mutant lacked these activities (data not shown). However,
extracts of all three genotypes contained ﬂavonols, albeit at greatly
different levels [18]. This can be explained only by residual FLS
activity contributed by either one or more of the FLS2-6 polypep-
tides or by LDOX side activity. Recombinant LDOX from Arabidopsis
had been shown to exert FLS activity [13,15,32,33], although the
enzyme was unstable during isolation and in vitro assays [14].
Accordingly, LDOX activity has never been detected in native Ara-
bidopsis extracts. Nevertheless, an A. thaliana ldox/ﬂs1-2 double
mutant revealed a signiﬁcant reduction in ﬂavonol level (less than
0.00005% of the wild-type level [18]) as compared to the wild-type
and the ﬂs1-2 mutant (ca. 5% of wild-type level as deduced from
[19]) suggesting some FLS activity of LDOX under in situ conditions.
Alternatively, low FLS activity of either one of the other putativeFL
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Western blotanalysis
ts of recombinant E. coli expressing either one of the FLSs were fractionated by
paration (left) in 5% stacking and 12.5% separation gels. Proteins were visualized by
ing (right) employing anti-FLS antiserum [28].
Fig. 4. Docking of naringenin into the active sites of FLS1 (yellow) and FLS3 (green)
of A. thaliana. The model complex suggests that 136Tyr of FLS3 (in place of 136Leu as
in FLS1) affects the assembly of 149His which participates in substrate binding. The
calculation also revealed that proper binding of naringenin to FLS5 appears highly
unlikely (not shown).
1984 A. Preuß et al. / FEBS Letters 583 (2009) 1981–1986FLS polypeptides in crude extracts might have escaped the detec-
tion in the in vitro assays which were commonly run for onlyFig. 5. Bioconversion of dihydrokaempferol or dihydroquercetin by FLS1, FLS3 and LDO
conducted for 48 h in the presence of 20 mg of the substrate. The cultures were extracted
CAW (A and B) or by HPLC (C). (A) Yeast cells expressing FLS3 converted DHQ (lane 2)
conditions, whereas naringenin (lane 1) or eriodictyol (lane 3) did not serve as substrate
expressing FLS3 (lane 3) was lower than that shown by the LDOX transformant (lane 2) a
of the bioconversion product on HPLC separation conﬁrmed the identity as quercetin (bo30 min, or which may be due to improper stability under experi-
mental conditions [22].
Arabidopsis FLS6 and FLS4 were recently identiﬁed as pseudo-
genes or non-functional copies [18,19]. Therefore, only FLS1,
FLS2, FLS3 and FLS5, as well as LDOX, were cloned and expressed
in bacterial or yeast cells. The expression of all polypeptides was
conﬁrmed by Western blotting using anti-FLS antiserum (Fig. 2).
The FLS activity of the recombinant polypeptides was examined
in standard assays conducted with crude extracts or employing
the respective fraction after size-exclusion chromatography. FLS1
efﬁciently converted dihydrokaempferol or dihydroquercetin to
kaempferol and quercetin, respectively, with a clear bias towards
dihydrokaempferol (Km/Qu ratio 1:0,7; Fig. 3), which is consistent
with previous ﬁndings [12]. LDOX also oxidized these substrates to
the corresponding ﬂavonols, albeit to a lower extent (Km/Qu ratio
0,7:1), whereas the other putative FLSs did not yield a product un-
der the conditions of the assays (Fig. 3). These results suggested
that the FLS activity of LDOX might contribute to the formation
of ﬂavonols in the Arabidopsis ﬂs1-2 mutant, which is supported
by the additional drop of ﬂavonol contents observed in the ldox/
ﬂs1-2 double mutant [18]. Nevertheless, the small but signiﬁcant
residual ﬂavonol content observed in the ldox/ﬂs1-2 mutant [18]
required further consideration.X expressed in yeast cells. Incubation of yeast transformants (50 ml culture) were
subsequently with ethyl acetate, and the extracts were separated by cellulose TLC in
or DHK (lane 4) to kaempferol (Km) and quercetin (Qu), respectively, under these
. (B) The conversion rate of DHQ to quercetin observed with the yeast transformant
nd much lower than that by the FLS1 transformant (lane 1). (C) The relative mobility
ttom) by comparison with authentic dihydroquercetin (top) and quercetin (middle).
A. Preuß et al. / FEBS Letters 583 (2009) 1981–1986 1985Complementary to the in vitro assays, the bioconversion of
various ﬂavanones (naringenin, eriodictyol) and dihydroﬂavo-
nols (dihydrokaempferol, dihydroquercetin, dihydromyricetin,
dihydrotamarixetin, dihydrorobinitin and dihydroisorhamnetin)
by yeast transformants expressing recombinant FLSs or LDOX
was examined, with the assumption that the stability of enzymes
was improved under these assay conditions and that the assays
could be carried out for extended times. The cultures were rou-
tinely incubated for 12 h in the presence of 5 mg of either one of
the potential substrates [26]. The FLS1 transformant accepted all
dihydroﬂavonols and ﬂavanones to a variable degree, and formed
the corresponding ﬂavonols without detectable intermediates
(data not shown). At a considerably lower rate, the same applied
to the LDOX-transformant. In no case did the transformants har-
bouring one of the other FLS constructs or the empty expression
vector show a signiﬁcant conversion of the ﬂavonoid substrates.
This provides strong evidence of FLS activity for the LDOX trans-
formant, although further corroboration by kinetic data was not
possible since steady state conditions in the biotransformation sys-
tem are unlikely.
Analogous to FLS4 and FLS6 which represent truncated pseudo-
genes [18,19], and based on the truncated C-terminus and lack of
appropriate iron and 2-oxoglutarate binding sites, FLS2 likely en-
coded a non-functional polypeptide. This assumption was con-
ﬁrmed by expression of FLS2. Likewise, recombinant FLS5 also
lacked enzyme activity. It was shown previously that marginal
changes in the binding sites of substrate, ferrous iron and oxoglu-
tarate cosubstrate by 2-oxoglutarate-dependent dioxygenases (2-
ODDs) may strongly affect the substrate and/or product speciﬁcity
[32]. Sequence alignments with FLS1 revealed that 219Arg/Lys and
327Ala/Glu exchanges had occurred in FLS5, which presumably af-
fect the hydrogen bonding of the substrate [19]. While these
changes explain the inactivity of FLS2 and FLS5 polypeptides, the
proposed binding sites appear fully conserved in FLS3. Essential
amino acid residues in 2-ODDs may also be identiﬁed by homology
modeling, as had been demonstrated for FHT and ﬂavone synthase
(FNSI) from parsley [30]. Models of the LDOX-naringenin (2brt)
[33] and LDOX-dihydroquercetin complexes [32] were employed
as templates for homology modeling of FLS1 and comparison with
FLS3 and FLS5, because FLS oxidizes the same substrates [12,22]
and the conserved binding sites for 2-oxoglutarate (298Arg in
LDOX) and iron (232His, 288His and 234Asp in LDOX) are distributed
with an analogous spacing in the FLS polypeptides (319Arg, 251His,
309His and 253Asp in FLS 1 and FLS3). The model endorses the role
of 327Glu in substrate binding and the lack of activity of FLS5 (not
shown). LDOX was proposed to bind naringenin through p-stack-
ing of the substrate A-ring with 304Phe [32] which corresponds to
325Phe in FLS1 and FLS3 (Fig. 4). FLS3 differs from FLS1, however,
by replacement of 136Leu through 136Tyr, and the model complex
predicts that this residue changes the orientation of nearby
149His involved in substrate binding (Fig. 4). Thus, the co-location
of substrate toward the active ferryl species and the kinetic param-
eters are likely affected.
The activity of FLS3 was therefore re-examined through ex-
tended bioconversion studies (48 h in the presence of 20 mg sub-
strate/50 ml) using the respective yeast transformant. Under the
assay conditions, the conversion of both dihydrokaempferol and
dihydroquercetin to kaempferol and quercetin, respectively, was
demonstrated by TLC and HPLC co-chromatographies (Fig. 5). Non-
induced yeast transformants or cells harbouring an empty vector
served as controls and lacked FLS activity (data not shown). The data
suggest that FLS3 should be annotated as a second functional gene in
A. thaliana, irrespective of the fact that site-directed mutagenesis is
necessary to further identify those amino acids relevant for en-
hanced activity. Furthermore, FLS3 is likely responsible for the for-
mation of residual ﬂavonols in seedlings of the ldox/ﬂs1-2 mutantline, but ﬁnal proof requires the analysis of the respective triplemu-
tant (ldox/ﬂs1-2/ﬂs3).While the FLSactivityof LDOXandFLS3maybe
relevant only in ﬂs1mutant lines, all three dioxygenases are capable
to a variable extent of bypassing an FHT block. These and previous
ﬁndings [18,19] let us presume that the Arabidopsis FLS gene family
resulted from recent gene duplication events and that a pseudogen-
isation/mutation process currently eliminates ‘‘unnecessary” genes
and their protein functions. Alternatively, FLS3 may have acquired
another function while preserving some FLS activity.
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